We report performance characteristics of a thulium doped ZBLAN waveguide laser that supports the largest fundamental modes reported in a rare-earth doped planar waveguide laser (to the best of our knowledge). The high mode quality of waveguides up to 45 um diameter (~1075 μm 2 mode-field area) is validated by a measured beam quality of M 2~1 .1 ± 0.1. Benefits of these large mode-areas are demonstrated by achieving 1.9 kW peak-power output Q-switched pulses. The 1.89 μm freerunning cw laser produces 205 mW and achieves a 67% internal slope efficiency corresponding to a quantum efficiency of 161%. The 9 mm long planar chip developed for concept demonstration is rapidly fabricated by single-step optical processing, contains 15 depressed-cladding waveguides, and can operate in semi-monolithic or external cavity laser configurations. 
Introduction
Since the first demonstration of a femtosecond (fs) laser to inscribe a waveguide into an actively doped material for laser application in 2004 [1] , a variety of lasers in both glass and crystal hosts have been reported [2] [3] [4] [5] . However, there has been no direct-write waveguide architecture and material combination reported that possesses an ultra-large fundamental mode-area; a critical characteristic to enable high peak-power Q-switched and mode-locking operation.
Rare-earth doped heavy metal fluoride glass fiber lasers based on ZBLAN (ZrF 4 , BaF 4 , LaF 4 , AlF 3 , NaF 3 ) have the distinction of being the most spectrally diverse fiber lasers as they can support laser operation from the visible [6] [7] [8] through to 3.9 μm [9, 10] . As a laser host material ZBLAN is without peer due to the combination of wide transparency from the UV through to 5 μm [11] , a low phonon energy of 550 cm −1 [7] and a high rare-earth (RE) solubility resulting in high-gain per unit length. This combination of properties are the result of weak ionic bonding, and a composition containing heavy metal ions which leads to low resonance frequencies of this glass. RE doped low phonon energy glasses are essential for mid-infrared and upconversion lasers as they have reduced phonon assisted decay from upper laser-levels and possess long excited-state lifetimes which additionally aids efficient infrared pump upconversion into the visible.
Although ZBLAN fiber lasers were heavily developed during the latter part of the last century due to the aforementioned advantages and predicted lower bulk losses compared to silica fiber lasers [12, 13] , these performance advantages were never fully capitalized. While rare-earth doped ZBLAN fiber lasers are still the highest power solid-state lasers in the 2.3 -3.9 µm spectral region with 24 W achieved at 2.7 µm [9] , their transition outside the laboratory has been hampered by handling and splicing difficulties, lack of ZBLAN fiber components, critical packaging requirements, and the high cost of manufacturing ZBLAN fibers.
For low-to-medium average power applications, planar waveguides are a potentially superior approach to realizing versatile ZBLAN glass lasers. In a 1994 review paper covering the potential of rare-earth doped fluoride glass optical waveguides it was stated "because of the similarities with optical fibers, in terms of light guiding and confinement, planar waveguides are expected to show laser action at most of the wavelengths listed (with reference to ZBLAN fiber lasers achieving wavelengths covering 0.455 to 3.45 μm)" [14] . In terms of device ruggedness, embedded waveguides are inherently protected from air and moisture exposure, unlike ZBLAN fibers which have large surface areas and can weaken and degrade over time unless elaborate precautions are taken [15] . Approaches investigated to fabricate waveguides in fluoride glasses involve multi-step processes such as vapor phase deposition [16] , hot dip spin coating [17] and photolithography/ wet-etching [18] . The only report of a fluoride glass waveguide laser (specifically Nd 3+ operating at 1.0 and 1.3 μm) was based on a complex fabrication procedure involving hot dip spin coating deposition of core and cladding layers, with 244 nm cw laser-writing used to achieve lateral confinement [19] .
Alternatively, waveguides can be written using ultrafast laser material modification of rare-earth doped glasses and crystals [1, 3] . In 2011 we were the first group to report a directwrite rapid-fabrication method to create embedded guiding channels in rare-earth doped ZBLAN glass using fs laser modification [20] . We reported laser operation in these waveguides and presented preliminary slope efficiencies and spectral characteristics of a freerunning Tm 3+ doped λ = 1.9 μm ZBLAN waveguide laser. More recently we published the first Ho 3+ ZBLAN waveguide laser which allowed the extension of the wavelength to 2.1 μm
Here we report a significant advance in the development of these ZBLAN chip lasers as a versatile and highly efficient platform technology. Specifically we report characteristics of rare-earth doped ZBLAN glass waveguides and its interaction with intense MHz-rate fs laser pulses that results in the formation of depressed cladding structures that capitalize on leakymode designs that underpin large mode-area guidance. To illustrate the benefits of the large single transverse mode channels we show that they are ideal for high peak-power generation and utilize this characteristic by generating Q-switched pulses of up to 1.9 kW peak-power with close-to diffraction limited and symmetrical beam-quality. These waveguides possess the largest single transverse mode areas (~1075 μm 2 ) reported to date in a rare-earth doped waveguide laser (to the best of our knowledge). The internal cw laser slope efficiency of 67% comfortably exceeds the highest 790 nm pumped Tm 3+ ZBLAN fiber laser efficiency of 49% reported [22] , and is comparable to the 70% slope efficiency reported for a liquid phase epitaxy grown heavily thulium-doped double-tungstate crystal waveguide laser [23] .
Experiments and results
To inscribe the waveguides in ZBLAN we use a MHz repetition-rate λ = 800 nm fs laser to write modified density inclusions. We have discovered that when high repetition rate lowenergy pulses (<100 nJ) are tightly focused into small volumes (~1 μm 3 ) of ZBLAN, a significantly larger volume of lower density glass with a symmetric shape and reduced refractive index (Δn~-1.6 × 10 −3 ) is produced [20] . By translating the sample, 'rods' of reduced refractive index can be produced. When these rods are overlapped a symmetric and configurable guiding structure (see Fig. 1(a) ) is produced whereby the inscribed region can serve as a depressed cladding surrounding an unmodified core region (as illustrated in the plot of refractive index as a function of radius in Fig. 1(a) ). Each individual circular rod is formed due to isotropic heat diffusion where the energy of multiple pulses is deposited within the thermal diffusion time which leads to a cumulative heating effect [24] . In the device considered in this work, 24 low-index rods are inscribed longitudinally into the glass in a 2-ring geometry to realize different waveguide core diameters as shown schematically in Fig.  1(a) . Note the cladding is built from the 'bottom up' such that previously irradiated regions are not written through.
The ZBLAN glass was fabricated in-house (using commercially available raw materials) in a controlled atmosphere glass melting facility to create 50 g glass ingots doped with 3.7 × 10 26 ions/m 3 of Tm 3+ to allow efficient 2 for 1 cross relaxation of the Tm 3+ ion when pumped at 790 nm [25] . To create the waveguide substrates the ingots were diced into chips measuring ~9 mm length, 8 mm width and 2 mm height by a CNC diamond saw. The top face of each sample was polished to allow the ultrafast laser to be focused below the surface, with the waveguide axes set at a depth of 300 μm.
The waveguides were inscribed using pulses from an ultrafast Ti:sapphire oscillator (FEMTOSOURCE XL 500 -Femtolasers GmbH, 800 nm centre wavelength, 50 fs pulse duration, 5.1 MHz repetition rate), which were focused into the chip using a 1.25 NA 100 × oil immersion objective while the sample was translated using a set of computer controlled XYZ air-bearing translation stages. The chip described here is shown in Fig. 2(b) , and contains fifteen waveguides separated by 450 μm with core diameters ranging from 15 to 45 μm. They were written into the doped glass with pulse energies of 80 nJ and translation speeds of 16.7 mm/s. After waveguide writing, the end faces were polished back by ~250 μm to reveal the waveguide ends (microscope end-face image of two waveguides is shown in Fig.  1(b) ). Figure 2(a) shows the modeling predictions for the exact EM solution for an idealized depressed cladding waveguide (also known as a 'W' or 'leaky mode' waveguide [26] ), as plotted in the graph in Fig. 1(a) . The predicted fundamental-mode confinement loss and first high-order mode (HOM) loss at λ = 1.9 μm are plotted as a function of waveguide core-radius for Δn = −1.6 × 10 −3 and a depressed cladding region width of 22.5 μm (representative of the 2-ring structure presented in this paper). With reference to the 22.5 μm core-radius waveguide modal loss plotted in Fig. 2(a) , the 1st HOM loss at 8 × 10 −3 dB/cm is an order of magnitude greater than the fundamental mode (FM) loss of 6.8 × 10 −4 . In essence the HOM is leakier than the FM as the peak field for the HOM is radially offset from the waveguide centre and hence penetrates further into the narrow inner cladding region. This mode discrimination ensures that the FM reaches threshold first, and suppresses the next mode. In effect this waveguide acts as a modal filter allowing a low loss fundamental laser mode to build up, while a combination of gain depletion, higher order mode confinement loss, and ground state absorption outside the pumped core suppress the HOMs.
To demonstrate end-pumped laser configurations the pump-end of the waveguide (shown in Fig. 3(a) ) is coated with a dielectric film that is highly reflecting (HR) at the laser wavelength (λ l~1 .75-2.1 μm) and highly transmitting (HT) at λ p = 790 nm. The other end is anti-reflection (AR) coated for λ l and λ p thus allowing either a semi-monolithic cavity to be used, or an extended cavity. The semi-monolithic cavity is achieved by butting up an outputcoupler (OC) mirror to the chip. We note that the dielectric coatings on the waveguide endfaces have the added advantage of protecting the ZBLAN glass from long-term atmospheric exposure. To pump the Tm 3+ doped waveguide laser up to 600 mW of CW Ti:sapphire laser light tuned to 790 nm was focused into the waveguide using a f = 50 mm lens giving a spot size of ~29 μm. To determine the optimum laser slope efficiency, measurements were conducted using a range of OC mirrors, with the experimental configuration shown in Fig. 3(a) . The internal laser slope efficiencies are plotted in Fig. 3(b) , with the best result of 67% and 205 mW of power achieved (pump-power limited) at a threshold of 12 mW using a waveguide with a core diameter of 34 μm and a R OC = 79%. Under these spectrally free-running conditions the laser operated at λ l = 1880 nm, with a broad ~5 nm bandwidth. The chip laser loss was estimated at 0.4 ± 0.2 dB/cm by conducting a Findlay Clay [27] analysis of the measured laser thresholds as a function of output-coupling. This measured loss is notably higher than the 0.003 dB/cm confinement loss predicted for an ideal depressed clad structure (Fig. 2(a) ); however determining the relative contributions of the residual Tm 3+ ground state absorption (due to the 3-level laser transition), intrinsic glass absorption (<0.02 dB/cm), and waveguide loss, is not possible without further measurements. The waveguide loss mechanisms include scattering due to variations in the density of the cladding, deviations in the cladding shape that distort the circular symmetry, as well as waveguide wall roughness. From this measurement it is clear that further work to quantify these loss mechanisms in a direct measurement will need be undertaken. We note that this estimated loss is higher than the 0.22 dB/cm loss we reported in [20] , which was incorrect, and in fact should have been 0.22 cm
(loss in [20] was dominated by uncoated WG face losses in the resonator). Fig. 3(a) . Inset is the collimated output beam profile.
A key feature of a depressed cladding waveguide is that the diffraction limited 'Gaussianlike' FM still operates at very large core sizes due to differential higher-order mode loss. To validate fundamental mode operation for a range of waveguide diameters, the beam quality (M 2 , or times diffraction limit) for the semi-monolithic configured waveguide lasers was measured. The beam quality of the chip laser was measured by focusing the laser output with a f = 1 m plano-convex lens, and recording the beam image throughout the focal region with a pyro-electric array (Spiricon Pyrocam III).
An image of the collimated output beam profile of the largest waveguide (45 μm core diameter) is shown as an inset in Fig. 3(b) with the Gaussian line shape of the beam confirming lowest order transverse mode operation. The measured M 2 values for a subset of waveguides with diameters ranging from 15 to 45 μm are shown in Fig. 4(a) . The M 2 values for the 15 μm and 45 μm diameter waveguides are 1.2 ± 0.1 and 1.1 ± 0.1, respectively, again consistent with Gaussian beam shape lowest-order mode operation.
In order to investigate high peak-power operation characteristics of this large mode-area chip laser active acousto-optic Q-switching is used not only for its convenience, but also for its ability to limit the energy stored. This is critical due to the long 3 F 4 upper state storage lifetime of 13.7 ms in Tm:ZBLAN [25] . The Q-switching cavity used had a 9 cm cavity length, a 40 μm diameter waveguide, a R OC = 79%, and configured for single-pass pump.
The highest Q-switched average output power achieved was 104 mW with a 34% slope efficiency which produced 32 ns pulses at a 5 kHz repetition rate (efficiency was reduced due to a lossy AR coating on the AO-Q switch and the intra-cavity lens). By decreasing the repetition rate to 2.054 kHz, a stable train of 21 ns Q-switched pulses could be produced, corresponding to 1.85 kW peak power. Figure 4(b) shows the experimentally obtained Qswitched pulse-width and peak-power as a function of repetition rate. Figure 4 (b) (inset) shows a recorded 21 ns pulse for the chip laser operating at 2.054 kHz. The AO Q-switch used for this investigation had a 15 ns decay-time and we would expect this high-gain and low cavity-lifetime configuration (1.3 ns cavity lifetime) to produce shorter pulses from a faster (possibly electro-optic) Q-switch.
Discussion and conclusion
While in the work described thus far we have reported the performance of this laser chip using Ti:sapphire laser pumping, we note that this pump source is not practical for most applications. To that end we have also demonstrated, for the first time, the use of compact 790 nm diode lasers to pump the semi-monolithic configured cavity using low-cost commercially available 100 mW single emitter diode-lasers. When diode-laser pumped we measured an internal slope efficiency of 40%, and up to 25 mW of light at ~1.9 μm was generated. Prospects are good that this waveguide device architecture and rare-earth doped ZBLAN glass combination will be capable of generating mid-infrared laser light via direct transitions; a claim supported by our high 67% internal slope efficiency. Candidate transitions demonstrated in ZBLAN fiber lasers include: an 1150 nm diode laser pumped ~3 mol% holmium double-clad fiber operating at 2.86 μm [28] and a 6 mol% erbium doped doubleclad fiber operating at 2.8 μm [9] when pumped at 975 nm. To support longer wavelength laser operation in the chip architecture, the waveguides require thicker cladding structures to avoid fundamental-mode confinement loss. For instance confinement loss modeling predicts that 50 μm claddings will have confinement losses of 0.001 dB/cm at 2.9 μm, which can easily be realized by adding a third ring of cladding rods to the waveguide structure.
In conclusion we report (to the best of our knowledge) the largest fundamental mode-area rare-earth doped planar waveguide laser. The unique depressed cladding waveguide is inscribed via a reduced refractive index material modification that ZBLAN undergoes when irradiated by intense MHz-rate fs pulses. By exploiting these large mode areas up to 1.9 kW of peak-power Q-switched output are produced, thus demonstrating the potential of this architecture for operating regimes requiring high peak-power such as Q-switching and modelocking. We have also reported an internal slope efficiency of 67% (λ l = 1.9 μm) when pumped at 790 nm, which corresponds to a quantum efficiency of 161%. These performance characteristics coupled with the wide transmission and low phonon-energy of ZBLAN suggests that this versatile architecture has the potential to deliver the visible to mid-infrared spectral coverage of ZBLAN fiber lasers but in a compact and high efficiency, rapidlymanufacturable waveguide form-factor.
